To provide insights into the biogeochemistry of environments where steep chemical gradients place anaerobes, microaerophiles, and aerobes in close proximity, it might be necessary to survey biotic distributions on scales that are not possible using conventional ecological approaches. To overcome such limitations, we adapted sedimentological and cell biological methods to examine the life positions of microbes within sediments. This fluorescently labeled embedded core (FLEC) technique was used to survey the submillimeter distributions of eukaryotic nanobiota and meiofauna, plus co-occurring prokaryotes, inhabiting laminated sediments of the bathyal Santa Barbara Basin (SBB; 34Њ13ЈN, 120Њ02ЈW). Although SBB sediments were vertically structured on the scale of millimeters (i.e., as laminae), and microelectrode profiles suggested vertically distinct oxygenated and anoxic-sulfidic layers, the distributions of aerobes, microaerophiles, and sulfide-tolerant anaerobes were not concomitantly structured. Unprecedented associations were observed among microorganisms. For example, relatively deep in the sediments, where high sulfide concentrations were expected, flagellates were intimately associated with Beggiatoa. Ciliates were typically solitary, whereas flagellates were often aggregated in nearly monomorphotypic swarms of Ͼ3 ϫ 10 4 mm Ϫ3 . Such aggregations could significantly affect geochemical pore-water processes at scales Ͻ1 l. Our observations indicate that a mosaic of chemically heterogeneous microhabitats exist in both vertical and horizontal dimensions, suggesting that biogeochemical processes in the SBB are more complex than predictions based on standard biotic assessments and microelectrode profiling.
A high abundance and biovolume of eukaryotes reside in the surface centimeter of sediments from the Santa Barbara Basin (SBB), a deep-water locale with steep oxygen and sulfide gradients . A mix of aerobes, microaerophiles, and anaerobic sulfide-tolerant taxa comprise the SBB consortium; the majority of these protists and metazoans have associated prokaryotes. Here, we report the submillimeter life positions of these eukaryotes and larger prokaryotes in laminated SBB sediments, visualized using the life position approach described by Bernhard and Bowser (1996) and augmented by hot-knife microtomy (McGeeRussell et al. 1990 ). In contrast to previous reports Bernhard et al. 1997; Bernhard and Sen Gupta 1999; Pike et al. 2001) , results presented here are for a complete range of taxa. The objectives of this contribution are to determine whether biotic distributions in SBB sediments reflect microelectrode-based measurements of oxygen, whether sedimentary laminations affect those distributions, and how species composition and abundance change with respect to sediment depth, Beggiatoa density, and different physicochemical regimes.
Material and methods
Site description-The SBB is a silled basin with a maximum depth of ϳ600 m and sill depth of ϳ425 m (Fig. 1) . In the basin, bottom-water oxygen concentration rarely exceeds 5 mol L Ϫ1 (ϳ0.1 ml L Ϫ1 ) and is typically Ͻ2 mol L Ϫ1 (e.g., Reimers et al. 1996; Kuwabara et al. 1999) . Sediments in the central portion of the basin are laminated because [O 2 ] is too low to support bioturbating macrofauna. These varved sediments have been the focus of many paleoceanographic studies assessing climate change on annual, decadal, and millennial time scales (e.g., Behl and Kennett 1996; Kennett et al. 2000) .
SBB sediments have a high pore-water content (ϳ93-98% in surface 0.5 cm; Reimers et al. 1990 ) and high organic carbon content (ϳ5-8% in surface 0.5 cm; Reimers et al. 1990) . Sediment composition varies between the two laminae types: dark laminae contain very fine grained terrigenous detritus (mostly silt and clay particles), whereas lighter ones consist mostly of biosilica (e.g., diatom frustules; Grimm et al. 1996) . Mean grain size of SBB sediments is about 3 m, and the contribution of sand is very low (Ͻ1% in laminated sediments ; Fleischer 1972) .
Sample collection and microelectrode profiling-Sediments were collected from the central portion of the SBB ( Fig. 1 ; ϳ590 m water depth; ϳ34Њ13.5ЈN, 120Њ01.9ЈW) using a Soutar box corer. Bottom-water samples were taken with a 2-liter Niskin bottle, which was attached to the corer frame and rigged to close when the corer tripped. Oxygen concentrations of Niskin samples were determined using the microwinkler method (Broenkow and Cline 1969) . As soon as possible (i.e., within 5-10 min), after the recovery of an undisturbed box core, it was subsampled with syringe cores (12 cc, 1.5 cm diameter), which were taken into a refrigerated (5ЊC) van and processed for life position studies as described below. For some box cores, a 7.5-cm-diameter core was also taken for profiling of oxygen, hydrogen sulfide, or both using either single or combined needle electrodes (Visscher et al. 1991) . The pH was measured using a needle electrode (Diamond General) or a Ross pH probe (Thermo Orion). In the refrigerated van, the core was transferred to a glove bag and microelectrode readings were taken every ϳ0.2-0.4 mm; calibration followed Visscher and coworkers (1991, 2002) . Sulfide concentrations were calculated from interpolation of pH 7.5, 8.0, and 8.5 calibration curves using the specific in situ pH. Detection limits were ϳ1 mol L
Ϫ1
for oxygen, Ͻ5 mol L Ϫ1 for sulfide, and Ͻ0.1 pH.
FLEC method-The life position method, which is described in Bernhard and Bowser (1996) , combines the wellestablished epoxy-embedding core technique of Frankel (1970) and the application of fluorogenic probes to visualize live cells. We introduce here the use of hot-knife microtomy (McGee-Russell et al. 1990 ) to section polymerized cores, allowing serial sectioning at ϳ0.1 mm without sample loss (as opposed to conventional mineralogical methods of sawing and subsequent polishing). The combined use of the life position approach and hot-knife microtomy is hereby denoted the fluorescently labeled embedded core (FLEC) method.
Fluorogenic probes are nonfluorescent compounds that yield a fluorescent product that accumulates intracellularly after enzymatic hydrolysis (see Bernhard et al. 1995 and references therein) . The fluorogenic probe utilized in this study, Cell Tracker Green CMFDA (CTG, Molecular Probes) is dependent on nonspecific esterase activity. In the refrigerated van, each syringe core was injected with CTG to a final concentration of 1 mol L Ϫ1 , recapped to prevent aeration, and incubated for ϳ4-6 h. Cores were then fixed in 3% glutaraldehyde/0.1 mol L Ϫ1 cacodylate buffer (pH 7.2), perfused three times in buffer, and secured for transport with a layer of alginic acid (ϳ0.5%), which gelled in place on the sediment surface after the addition of CaCl 2 . In the laboratory, the alginate was dissolved with multiple incubations in 50 mmol L Ϫ1 ethylenediaminetetraacetic acid (EDTA). Subcores were then dehydrated using an ascending series of ethanol and ultimately incubated for Ͼ2 weeks in 100% ethanol. A final 2-to 4-week incubation in acetone preceded infiltration with Spurrs' low-viscosity epoxy resin. The infiltrated cores were polymerized at 70ЊC.
For sectioning, the top ϳ1.5 cm of a polymerized core was mounted on a brass stub made to fit a custom-modified Sorvall MT1 microtome. The core was oriented either vertically or horizontally, depending on the desired orientation of serial sections (i.e., down-core slices or sections oriented perpendicular to the sediment surface). The two cores detailed here were sectioned vertically, permitting down-core observations of each section. Two additional cores were examined in less detail: one was sectioned perpendicular to the sediment-water interface and the other was sectioned vertically. Because SBB sediments rarely have terrigenous particles Ͼ63 m (Fleischer 1972) , the sediments are easily sectioned with hot-knife microtomy (which is ineffective with sandy deposits; Bernhard and Bowser pers. obs.). Sections were mounted between two coverslips with epoxy resin and polymerized. Sections and specimens located within 1-2 mm of the core edge were rejected from analysis because, during subcoring, downward smearing could have occurred at the periphery. Preliminary observations were made with an Olympus SZX12 stereomicroscope equipped with epifluorescence optics; more detailed studies used an Olympus Fluoview Personal Confocal Microscope System. Although this laser scanning confocal microscope (LSCM) was equipped with both Ar and Kr lasers, images were obtained using only the fluorescein channel (i.e., 488 nm excitation, 520 nm emission) in most cases. The depth of an organism below the sediment-water interface was measured by superimposing a stage micrometer (10 mm in 0.1-mm divisions) on the area in question and viewing with the fluorescenceequipped Olympus SZX12. To visually assess sediment laminations, digital flash photographs of FLEC sections were imported into Photoshop v. 4.0 as grayscale image files, and pixel percent saturation values were recorded at intervals of 1 mm down-core.
Results
Representative FLEC results are presented for two box cores that were collected 7 months apart (19 February and 22 September 1999) from the same site in the central SBB. The sediment surface changed visibly between sampling events, as evidenced by photographs of the box core surfaces before subsampling ( Fig. 2A,B) . In February, all four box cores collected from the site showed that the sediment surface was an orange-brown color. In the box core from which the February FLEC core was taken, three individuals of the epifaunal gastropod Astrys permodesta were observed, along with a few cohesive boli of white material ( Fig. 2A) . Preliminary 16S rRNA data indicate that the boli were the filamentous, sulfide-oxidizing bacterium Beggiatoa (B. Dubbels, D. Bazylinski, and J. Bernhard unpubl. data). In September, all five box cores collected from the site had a well-developed mat of Beggiatoa veiling the sediment surface (Fig. 2B ). Bottom-water [O 2 ] also changed between the two sampling events, with relatively high concentrations in February (2.4 mol L Ϫ1 ), but nearly undetectable levels in September (0.1 mol L Ϫ1 ). FLEC sections oriented perpendicular to the sediment surface showed that laminations were present in both cores (Fig. 2C,D) . The laminae are not as obvious in Fig. 2C because the FLEC section is thicker than that shown in Fig. 2D .
Biotic distributions revealed by FLEC-FLEC results
show complex biotic distribution patterns, wherein organisms with different energy metabolisms existed along the same horizon and aerobes commonly occurred deeper than anaerobes ( Table 1 ). The observations indicate that SBB pore-water conditions are similarly complex. Over 1,000 eukaryotes, including metazoans, were observed throughout the examined sections, which extended to a depth of 11 mm. Eukaryotic abundances do, however, decline down-core from maxima near the sediment-water interface (Table 1) , which is consistent with results obtained from traditional approaches. Ciliates and flagellates were not common deeper than ϳ4-5 mm unless they were associated with Beggiatoa (Table 1 ; see below).
Visual inspection of FLEC material confirms few Beggiatoa filaments at the sediment surface in February 1999 when the bottom-water oxygen concentration was relatively high (2.4 mol L Ϫ1 ); filaments were more abundant below the sediment surface (Fig. 3) . In a representative area, a specimen of Nonionella stella resided near the sediment surface (0.3 mm below the sediment-water interface; Fig. 4A ), although this foraminiferan also dwelled consistently in the subsurface (Fig. 8E) . Along a horizon located 0.5 mm below the sediment-water interface, ciliates of one morphotype were encountered (Figs. 3, 4A ). In counts reported in Table  1 , this morphotype was only observed twice at depths between 1 and 2 mm, whereas 20 individuals occurred in the surface millimeter; none were seen deeper or in examined material collected in September 1999.
In this same section, at a depth of ϳ2.1 mm below the sediment-water interface, a high density (ϳ200 pl Ϫ1 ) of various filamentous bacterial types occurred (Fig. 3) . Closer inspection revealed nanoliter-scale spatial aggregations, with Beggiatoa in some areas and nonvacuolate filamentous bacterial morphotypes in an adjacent zone. Nonvacuolate filamentous bacteria were densely packed in a prolate spheroid shape similar to that of a fecal pellet (Fig. 4B) . A dense accumulation of small (ϳ6-10 m) flagellates dwelled among bacterial filaments at a depth of ϳ2.3 mm (Fig. 4C) . The teeming flagellates were mainly of one morphotype, which is an undescribed euglenoid with epibionts . A single foraminifer occurred in this swarm, and a ciliate was situated at the edge of the aggregation.
Deeper down-core (ϳ2.8 mm below the sediment-water interface), a transverse section of a nematode was encountered (Figs. 3, 4D) . Because adult SBB nematodes are typically Ͼ2 mm in length, their entire body is rarely intact within one FLEC section. Even deeper below the sediment surface (5.5 mm), a ciliate morphologically similar to Parablepharisma occurred (Figs. 3, 4E) . Members of Parablepharisma are obligate anaerobes (Fenchel 1996b) , and congeners in the SBB harbor ectosymbiotic bacteria . At a sediment depth of 7.5 mm, two thick filaments of Beggiatoa were entwined (Fig. 3) . Detailed inspection showed that 13 flagellates, all of one morphotype, Table 1 . Observed occurrences of individuals in FLEC sections presented by depth and major taxa. Data represent compilations from observations of two sides per FLEC section for one section per time point. Values of sediment reflectance are averaged for the depth range indicated; higher values indicate darker sediments. Beggiatoa is ranked from maximal (***) to moderate (**) to low (*) abundance. Bold denotes presence of at least one known anaerobe; italic denotes inclusion of at least one known aerobe; bold italic denotes presence of at least one known aerobe and one known anaerobe; normal font denotes all specimens of unknown energy metabolism. If the same specimen was visible in more than one surface, it was only recorded once. Metazoan counts are conservative to minimize size sampling bias; for example, the same nematode can appear multiple times in a given section. were closely associated with the Beggiatoa (Fig. 4F ). Living foraminifera were quite common to a depth of ϳ3 mm in this section (n ϭ 100), but they also existed deeper in the sediments (n ϭ 37, 3-10 mm; Table 1 ).
In September 1999, when bottom-water oxygen was nearly undetectable (0.1 mol L Ϫ1 ), Beggiatoa filaments penetrated through the sediments and extended into the overlying water column (Figs. 5, 6A), which is a life habit thought to indicate oxygen limitation (e.g., Møller et al. 1985) or nitrate chemotaxis (Huettel et al. 1996) . The filaments typically emerged from the sediments in clusters rather than as single filaments. Thus, the Beggiatoa life mode shown in the photograph of the box core is preserved in the FLEC samples (compare Figs. 2B, 6A ). In general, protists were less abundant and occurred shallower in the sediment column in September 1999 compared to February 1999 (Table 1) . At a depth of 1.2 mm below the sediment-water interface, a flagellate (morphologically similar to the aerobic, nonsymbiont-bearing Notosolenus ostium) occurred in close proximity to a nematode that was preserved among Beggiatoa filaments (Figs. 5, 6B ). Three individuals of a different flagellate morphotype, morphologically similar to the ectosymbiont-bearing anaerobe Postgaardi mariagerensis (Fenchel et al. 1995; Simpson et al. 1996 Simpson et al. /1997 , were oriented toward a bolus of thin, filamentous bacteria located just below the nematode (Fig. 6B ). Vacuolate and nonvacuolate filamentous bacteria of various diameters appeared enriched from ϳ1.2-4.4 mm down-core (Fig. 5 . Three conspecific ciliates were found within this cluster of bacterial filaments (Fig. 6C) .
At a sediment depth of ϳ3.5-4.0 mm, a horizon (i.e., a lamina) of phytodetritus was infiltrated by bundled Beggiatoa (Figs. 5, 6D ). When this area was examined with dualchannel LSCM, which can be used to view photosynthetic pigment autofluorescence in addition to the signal from the CTG, it was clear that the pigments were well preserved (data not shown). In this layer, individual plastids, as well as chains of resting spores of the diatom Chaetoceros, occurred in high densities. At a depth of ϳ7 mm, bundles of entwined, vacuolated filamentous bacteria occurred (Figs. 5, 6E). At 7.1 mm depth, a lone ciliate, morphologically similar to Litonotus, was encountered (Figs. 5, 6F) .
Beggiatoa filament widths were typically Ͻ10 m in diameter (Figs. 4B, 6A-C, 7F), although larger Beggiatoa filaments were also noted (ϳ20-25 m diameter). The observed range in Beggiatoa filament diameter is not surprising because widths reportedly vary by species between 1-2 m and 40 m (e.g., Larkin and Strohl 1983; Teske et al. 1999) . The Beggiatoa in the examined material were typically seen as discrete populations of uniform filament widths. Thicker filaments (i.e., Ͼ20 m) generally occurred deeper in the cores (e.g., Figs. 4F, 6D,F). Some of these thicker filaments were bundled (Fig. 6D,F) , suggesting that they were Thioploca rather than Beggiatoa.
Observations from other cores-Several observations are worth noting from other sections of the same FLEC cores shown in Figs. 3-6, as well as two additional FLEC cores of SBB sediments. In at least three cases, Beggiatoa inhabited microburrows, which were presumably made by nematodes or other metazoans (e.g., Fig. 7A ; Pike et al. 2001 ). In two observed instances, eukaryotes also took advantage of the increased pore space (and presumably a more favorable geochemical microenvironment) from such microbioturbation (e.g., Fig. 7A ). Empty foraminiferal shells also provided space for protists. For example, an empty shell of Chilostomella ovoidea harbored at least six flagellates of two morphotypes as well as filamentous bacteria (Fig. 7B) . It is unknown whether these flagellates were consuming organic remains of the foraminifer or were merely occupying pore space. As noted, flagellate swarms were not uncommon (Fig. 4C) . A higher magnification view of one swarm is shown in Fig. 7C , where the estimated flagellate density was 3.1 ϫ 10 4 mm
Ϫ3
. At a depth of 3.3-3.9 mm, a specimen of the gastrotrich Urodasys anorektoxys was observed (Fig. 7D) . The body extension of this specimen indicates lack of trauma during FLEC processing; isolated U. anorektoxys retract when fixed for conventional microscopy.
Besides being the most abundant foraminifer when oxygen was nearly undetectable (e.g., Fig. 5 ; see also Bernhard and Reimers 1991; Bernhard et al. 1997) , 21 N. stella occurred in subsurface sediments (1-11 mm in February 1999 FLEC section). Four individuals were observed at ϳ7.5 mm sediment depth in a different portion of the February 1999 FLEC section; two are shown in Fig. 7E . The vacuolar character of typical foraminiferal cytoplasm can be seen in Fig.  7E (see also Fig. 4A) .
Occasionally, numerous prokaryotic and eukaryotic taxa of differing energy metabolisms occurred within a small volume. For example, in 9 nl, the fringe of a Beggiatoa bolus contained the anaerobic ciliate Metopus verrucosus, two small nematodes, and four flagellates of two morphotypes (Fig. 7F) . One of the flagellate morphotypes observed in this association was an anaerobe that harbors ectobionts (P. mariagerensis; Fenchel et al. 1995; Simpson et al. 1996 Simpson et al. /1997 , but the other is known to lack symbionts (Sphenomonas sp.; Bernhard et al. 2000) and is a presumptive aerobe, like its congeners (Lee and Patterson 2000) .
Microelectrode profiles-Matched oxygen and sulfide profiles are not available for either box core for which detailed FLEC results are presented. An O 2 profile is presented for September 1999, and matched profiles are presented for February 1998 (profile data not available for February 1999; Fig. 8 ). Data shows that sulfide can reach considerable concentrations (i.e., 45 mol L
Ϫ1
; Fig. 8A ) between 0.5-1.0 cm. Oxygen was undetectable at ϳ4 mm depth in September 1999 (Fig. 8B) .
Because the bottom-water values determined from Niskin samples were 0.2 mol L Ϫ1 for February 1998 and 0.1 mol L
for September 1999, oxygen values shown in profiles for overlying water and at the sediment-water interface in Fig. 8 are likely to be higher than in situ values. Contamination from atmospheric oxygen could have occurred during box core subsampling prior to sediment profiling, even though precautions were taken during microelectrode measurements (i.e., immediate subcoring and profiling in a capped core barrel). Assuming that the time elapsed between box core recovery and securing the subcore for profiling was Յ15 min, and the diffusion time t ϭ [z 2 /2D] (where z is the diffusional distance and molecular diffusion coefficient D ϭ 2 ϫ 10 Ϫ5 cm 2 s Ϫ1 ), O 2 could have diffused downward an additional 2 mm. We could therefore argue that, in situ, O 2 penetrated only to ϳ2 mm depth in September 1999. Importantly, FLEC cores, from which lifeposition observations were made, were separate from the cores profiled and were not subject to such atmospheric exposure.
Discussion
The FLEC method: Caveats and comments-Previously, fine-scale biotic distributions have been correlated with porewater chemistry by manipulating organism abundances and measuring millimeter-scale pore-water solute concentrations (e.g., Aller and Aller 1992) as well as microelectrode profiling of field samples paired with small-volume sediment sampling (0.2-1.0 cm Ϫ2 ; e.g., Wetzel et al. 1995; Fenchel and Bernard 1996) . Although these approaches provide useful information, they do not assess actual life positions. Previous work noted subsurface foraminiferal positions in sediment cores embedded with epoxy resin (Frankel 1970) . Bright-field imaging of nonvitally stained specimens severely limits the sensitivity and utility of this original approach. A similar impregnation technique was used to survey the potential food resources for deposit feeders at a fine scale (Watling 1988) , but there was no attempt to identify meiofaunal, nanobiotic, or prokaryotic constituents. Here, we merge core embedding and microelectrode measurements to show submillimeter life positions of fluorescently labeled individuals.
Before our findings can be discussed, however, two points regarding the FLEC method need to be examined. First, the positive identification of microorganisms in FLEC sections was sometimes hampered (e.g., by specimen opacity or obstruction by mineral grains and detritus). Also, entire individuals were not always contained within a section. Therefore, some systematic identifications are tentative. Second, it is possible that particulates can be transported down-core by fluid percolation through the sediment matrix during processing. If this occurred, however, one would expect to observe size sorting, with microbiota nearer the sediment-water interface and nanobiota deeper in the sediment column. Because nanobiota were imaged throughout the core, we reject this possibility. Furthermore, if down-core transport occurred, we might also expect elongated specimens to exhibit a particular orientation in response to fluid motion (i.e., oblong specimens streamlined in the direction of fluid flow). No such aligned orientation was seen in our material. For these reasons, and because submillimeter scale resolution of SBB laminations is preserved using other epoxy impregnation methods (e.g., Grimm et al. 1996) , down-core displacement of organisms during FLEC processing does not appear to be a significant concern.
Taxon-specific distributions and associations-The proximate intra-and interspecific associations revealed with the FLEC method are, to our knowledge, unprecedented. In general, ciliates occurred as solitary individuals that were not associated with other organisms (Figs. 4A,E, 6A,D,F, 7D ; Table 1 ), whereas flagellates were typically encountered in groups (Fig. 7B) or even swarms (Figs. 4C, 7C ; Table 1 ). Flagellate aggregates were commonly affiliated with prokaryotes or other eukaryotes (Figs. 4F, 6B ). Exceptions to these generalities exist; for example, where a ciliate was observed among Beggiatoa filaments ( Fig. 7F ; Table 1 ). The near absence of ciliates and flagellates Ͼ5 mm (Table 1) was probably because of the decreased pore space in the more compacted subsurface sediments.
It might be somewhat surprising that the majority of individuals in flagellate swarms were of a single morphotype. It is unclear whether such swarms were clonal aggregates that had not dispersed or congregations of individuals that were seeking a particular microenvironment. All of the identifiable flagellates in these swarms harbor ectobionts (i.e., Euglenoid sp., Calkinsia aureus; Bernhard et al. 2000) , suggesting that the hosts are anaerobes. If this is the case, the observation of a swarm at 0.2 mm depth (Fig. 7C) indicates an anoxic microzone at a depth normally expected to be aerated (albeit weakly). Regardless of the energy metabolism of the flagellates, these aggregations must be hotspots of biological activity. Considering the total density of flagellates observed (Ͼ4 ϫ 10 5 cm Ϫ3 ; Bernhard et al. 2000) , as well as an estimated swarm density calculated from Fig. 7C , it is possible that there are 13-14 flagellate swarms cm Ϫ3 in the top cm of SBB sediments. The effect of such swarms on benthic and geochemical processes (e.g., carbon cycling, solute transport) could be significant.
The restriction of one ciliate morphotype along a specific sedimentary horizon (e.g., Figs. 3, 4A) suggests that this morphospecies has strict geochemical or sedimentological requirements. Given that the microfabric does not appear different from that at other depths (Fig. 2C) , we infer that geochemistry drives the distribution of this morphotype. If these individuals belong to Pleuronema, which is a microaerophilic genus (e.g. , Fenchel 1996b; Fenchel and Bernard 1996) that lacks symbionts in SBB ; reported as Frontonia sp.), we might conclude that both an avoidance of sulfide and a dependence on oxygen drive this species' distribution pattern. In contrast, the observations of the foraminifer N. stella, which commonly lives considerably below the sediment-water interface during more aerated times (e.g., Fig. 7E ) and is the most common foraminiferal species when oxygen is nearly undetectable (Fig. 5) (Bernhard and Bowser 1999; Grzymski et al. 2002) and peroxisomeendoplasmic reticulum complexes could provide the cellular machinery required for surviving dysoxic/sulfidic conditions. In addition to the coupled interactions between symbionts and their hosts, loose but complex associations of free-living prokaryotes and eukaryotes were observed in these laminated SBB sediments (e.g., Figs. 6B, 7F ). In Fig. 7F , metazoans occurred in close proximity to known anaerobes (the ciliate M. verrucosus, the flagellate P. mariagerensis) and chemolithoautotrophs (the sulfide oxidizer Beggiatoa). Thus, it is possible that this particular microzone, which was ϳ9 nl in volume, was either (1) anoxic and the aerobic specimens were transients, perhaps attracted to food, or (2) oxygenated enough for aerobes to respire but depleted enough for anaerobes to avoid oxygen toxicity. Because microaerophilic ciliates can move as fast as ϳ900 m s Ϫ1 when exposed to suboptimal conditions (Fenchel and Bernard 1996) -and would, therefore, easily travel through the area shown in Fig.  7F in less than a second-we conclude that the specimens depicted in that image were not transients.
Although a variety of affiliations among taxa was observed, we can only speculate on the nature of these associations. For example, it is possible that the nematode and flagellates observed in close association with the sulfide-oxidizing Beggiatoa gained access to a microhabitat devoid of potentially toxic hydrogen sulfide (Figs. 4F, 7A) . Although the identity of the flagellates in Fig. 4F is uncertain, it is clear that the Beggiatoa provide some physical or chemical advantage to that particular morphotype in that microenvironment. The flagellates in Fig. 6B also could have been benefiting from a microzone of low sulfide, or merely ingesting the thin filamentous bacteria comprising the bolus. The FLEC method of examining spatial relationships among organisms at the submillimeter scale provides a foundation for future experimental investigations to begin addressing such questions.
Temporal differences-Quantitative comparisons between replicate cores collected at different times are beyond the scope of this paper, but striking differences between the two cores examined in detail provide a new understanding of changes that occur in the SBB eukaryotic community as bottom-water oxygen concentrations vary. It is clear that protists penetrated deeper into sediments and were more abundant when bottom-water [O 2 ] was higher (Table 1) . This view discounts the smallest of the flagellates (e.g., Euglenoid sp. of Bernhard et al. 2000) , because their bodies are generally Ͻ10 m in length and are thus difficult to identify with confidence in FLEC images, unless they occur en mas- se. In contrast, an obvious change in metazoan abundance and depth distribution was not observed. This could be because metazoans inhabit SBB sediments to depths of at least 3 cm (Todaro et al. 2000; Müller et al. 2001 ), so differences in maximum penetration are likely to be seen deeper than 11 mm. Longer scale (seasonal to annual or decadal) temporal variability of bottom-water [O 2 ] in the SBB probably causes the complex array of microhabitats to be dynamic, thereby introducing the potential for additional postdepositional alterations to the sediment record, as discussed in the following section.
Distributions related to physicochemical parametersPossible effects on laminae: Although the primary factors in varve formation are a debated topic (cf. Reimers et al. 1990; Thunell et al. 1995) , it is generally agreed that laminated sediments such as those in the SBB are postdepositionally pristine in terms of physical disturbance. The observations presented here cast a new light on this perspective. Despite clear-cut laminations at the ''macro'' or visible scale, there were no comparable clear-cut boundaries in terms of eukaryotic types, abundances, or locations (Table 1) . Metazoans, which were mostly nematodes, occurred to the maximum depth examined (11 mm; Table 1 ). Using a sedimentation rate of ϳ1.0 cm yr Ϫ1 in the SBB (before compaction, Reimers et al. 1990) , the age of the sediments where these metazoans were observed is estimated to be ϳ13 months. Furthermore, metazoan presence to 3 cm (Todaro et al. 2000; Müller et al. 2001) suggests that sediments are exposed to migrational activities for years before being buried. As noted by Pike and coworkers (2001) , significant blurring of the stratigraphic record by interlaminal transport via microbioturbation is possible. Additionally, foraminiferal migration cannot be discounted as a significant factor affecting the sedimentary record: migration rates of ϳ1.2-1.5 mm h Ϫ1 have been observed in bathyal species (Gross 2000) . Given that foraminiferal migration is mediated by pseudopodial networks that ramify sediments (reviewed in Travis Issues regarding pore-water chemistry: Another axiom regarding laminated sediments is that geochemical conditions and processes are consistent along any given lamina. Because microelectrode data indicate that oxygen and sulfide do not coexist within the SBB surface sediments (Fig. 8) , we might expect aerobes to be concentrated within the surface 1-2 mm and anaerobic thiobios (sulfide-tolerant taxa) to occur deeper than ϳ6 mm, with the microaerophiles in between. FLEC observations indicate, however, that this vertical zonation does not occur (Table 1) . For example, the aerobic ciliate Litonotus was observed at a depth of 7.1 mm, which is far below the depth at which oxygen was detectable (Figs. 8B, 6F ). On the other hand, individuals of the anaerobic ciliate genus Parablepharisma were observed at depths shallower than known aerobes (foraminifera; Fig. 3 ). Horizontally, variability in distributions was also observed. For example, flagellate swarms, which must be hotspots of carbon cycling, are limited in extent to a few cubic millimeters. In addition, boli of Beggiatoa, which are presumably zones of increased sulfide oxidation (Table 2 and references therein) existed in microburrows, which occurred patchily at any given sediment depth. The observed patchy distributions are even more relevant to pore-water chemistry and redox processes when one considers the metabolic capabilities of the symbionts associated with SBB eukaryotes. For example, a number of SBB eukaryotes could have sulfate-reducing symbionts, which could produce microzones of sulfide enrichment. Other SBB eukaryotes might have sulfur-oxidizing symbionts (e.g., the nematode Desmodora masira, B. Dubbels, D. Bazylinski, J. Bernhard unpubl. data), which could locally deplete [H 2 S] if the host were inactive for lengthy periods. Furthermore, the symbionts of some taxa are known to be methanogens and hydrogen producers (Table 2) . It is important to stress that insights into the biogeochemistry of sediments can be made only if the metabolic requirements and tolerance thresholds are known for the observed organism(s). Unfortunately, these thresholds and requirements are known for very few deep-water nanobiota and protistan meiofauna.
How is this complex mosaic of microhabitats formed and maintained in the laminated SBB sediments? Chemosensory behavior most likely plays an important role in the distributions of the more motile fauna, as suggested by Fenchel (1996a) for shallow-water sediments. FLEC data indicate, however, that microorganism distributions and activities are also important in structuring chemical heterogeneity and, thus, in dictating community structure in these laminated sediments. For example, aggregations of the sulfide-oxidizing Beggiatoa commonly harbored eukaryotes (Figs. 4F, 7A ), presumably creating a sulfide-free zone that promoted survival of these eukaryotes. Additionally, it has been shown that certain ciliates and bacteria affect solute transport, thereby altering their immediate environments (Fenchel and Glud 1998; Glud and Fenchel 1999) . Certain metazoan meiofauna from other shallow-water environments also increase solute transport (Aller and Aller 1992) . Given the high densities of ciliates and meiofaunal metazoans in SBB , as well as the high water content of its sediments (ϳ93-98%, Reimers et al. 1990) , it is expected that pore-water exchange by both diffusion and microorganism-mediated solute transport in surficial SBB sediments is considerable.
Our findings demonstrate that SBB biotic distributions are horizontally and vertically complex, suggesting that the laminated sediments of the SBB comprise submillimeter heterogeneous chemical regimes ranging from aerated to suboxic to sulfidic environments. It is known that overlapping oxic, suboxic, and anoxic diagenetic reactions occur in the SBB, at least on the centimeter scale . The observed submillimeter-scale heterogeneity would be unexpected if the only available data were microelectrode profiles, but any given profile represents the net sum of production minus consumption and diffusion. Thus, profiles do not necessarily reflect microscale environmental parameters experienced by the inhabitants. For example, although undetectable by microelectrodes in the top ϳ3 mm in February 1998 (Fig. 8A) , sulfide likely existed in the surface few millimeters, being produced in microzones that contained numerous sulfate-reducing bacteria. Indeed, sulfate reduction rates in SBB surface sediments are high , although it should be noted that these rate data were obtained from the top 2 cm rather than at the millimeter scale. Additionally, Kuwabara and coworkers (1999) showed that the surface centimeter of the SBB sediments from the same site had sulfide concentrations of up to ϳ1 mol L Ϫ1 during three different cruises between February 1995 and April 1997. Because these concentrations were determined from pore waters extracted from ϳ3-mm-thick core samples, they represent concentrations averaged over the volume of the core slice.
Oxygen data is complicated by possible atmospheric contamination (see Results and Fig. 8) and, from a different perspective, by the possibility that [O 2 ] was undetectable by microelectrodes yet sufficiently high to support microaerophilic organisms. Thus, we infer that in situ oxygen concentrations in the top few millimeters of SBB sediments were lower than profile data indicate, that pockets of sulfide likely existed within those top few millimeters, and that sufficient [O 2 ] existed to support aerobes in at least some ''deep'' sediments (4-8 mm). Therefore, marine sediments are not only composed of a mosaic of oxic and anoxic microniches (Fenchel 1996a) but also include microzones of sulfide enrichment. Furthermore, we extend the observation of geochemical microzones from shallow water (Fenchel 1996a) into the bathyal regime. Finally, the scale of this mosaic is too small to be resolved using conventional methods.
Recent advances in instrumentation should help detect and characterize these submillimeter-scale microhabitats. For example, additional insights into sulfur cycling can be gleaned from studies using microelectrodes that distinguish various sulfur species (Luther et al. 2001) . Alternatively, rather than the one-dimensional microelectrode approach, planar optodes have been developed to measure oxygen, pH, and sulfide in two dimensions in marine sediments (Choi 1998; Glud et al. 2001; Hluth et al. 2002) . Yet another approach is to use proxies indicative of particular biogeochemical processes. In this context, the FLEC method could be refined to include multiple target populations; that is, sulfate-reducing bacteria could be detected by in situ hybridization using appropriate fluorescent probes. This type of approach would yield spatial insights into a variety of biogeochemical processes (e.g., anaerobic methane oxidation; Boetius et al. 2000) . In addition, development of fluorogenic probes that depend on a particular metabolic process could be used to detect a particular biochemical activity. Ultimately, the present study points to the need for nanodevices to assess environmental conditions at scales relevant to the microbiota.
Submillimeter life positions of eukaryotes and prokaryotes in laminated sediments of the SBB reveal the existence of a vertically and horizontally heterogeneous mosaic of biotic distributions and inferred chemical regimes. Thus, physicochemical conditions along any given lamina should not be expected to be consistent and, given the likely activity of the SBB inhabitants, these laminated sediments should not be considered postdepositionally pristine. Although porewater geochemistry is an important force in structuring biotic distributions, we infer from our observations that the distributions of the microorganisms modify the localized geochemical environment. The dynamics of the SBB benthic community, and the further effect of this community on the laminated sediments, can only be addressed, however, with time-resolved observations, preferably executed in situ.
